Assimilation of novel strategies into a consolidated action repertoire is a crucial function for 23 behavioral adaptation and cognitive flexibility. Acetylcholine in the striatum plays a pivotal role in 24 such adaptation and its release has been causally associated with the activity of cholinergic 25
Introduction 35
The striatum is the main input hub of the basal ganglia. Afferents from the cortex, thalamus and 36 midbrain are widely distributed across its functional domains and together mediate action 37 selection, among other functions. Acetylcholine (ACh) has a powerful influence over striatal 38 circuits. Nicotinic and muscarinic receptors are expressed at pre-and post-synaptic sites in 39 most striatal cell types and their afferents 1-3 , and differentially modulate striatal circuits (see 40 review by 4 ). Alteration in cholinergic activity has been shown to have key roles in adaptive 41 behavior. For example, reduced cholinergic transmission impairs the ability to update previous 42 learning and enhances the possibility of interference between novel and old contingencies 5,6 . 43
Cholinergic markers and released ACh were considered to be exclusively associated with 44 cholinergic interneurons (CINs), which profusely innervate the entire extent of the striatum. 45
While they are more densely concentrated in the matrix of the dorsal striatum 7,8 , their 46 distribution is predominantly random and heterogeneous, thus lacking functional domains 9 . Our 47 recent work demonstrated the existence of an extrinsic source of ACh in the striatum, which 48 originates in the pedunculopontine nucleus (PPN) and the laterodorsal tegmental nucleus (LDT) 49 in the midbrain 10 . PPN innervation of the striatum has been shown to exist in mice, rats and 50 monkeys 11-16 , although its cholinergic nature was only recently revealed. In contrast to CINs 51 innervation, cholinergic innervation arising in the midbrain is topographically organized 10 and 52 predominantly restricted to the anterior striatum, which receives innervation from prefrontal 53 cortical areas 17 . Thus, the cholinergic midbrain sends topographically organized projections to 54 the entire extent of the anterior striatum, where the rostral segment of the cholinergic brainstem 55 (PPN) preferentially innervates the dorsolateral striatum and the caudal cholinergic brainstem 56 (LDT) preferentially innervates the dorsomedial and ventral striatum. At the synaptic level, PPN 57 and LDT predominantly give rise to asymmetric specializations with dendritic shafts, suggesting 58 excitatory connections, whereas cholinergic interneurons predominantly give rise to symmetric 59 4 retrograde canine adenovirus (Cav2-Cre) into the substantia nigra pars reticulata (SNR; Fig.  84 1A) or the external globus pallidus (GPE; Fig. 1B ) of wild-type rats, respectively, thus inducing 85 the retrograde transport and expression of Cre in striatonigral and striatopallidal projection 86 neurons. Subsequently, two floxed viruses were co-injected into the striatum of SNR-and GPE-87 injected rats to induce the expression of a TVA receptor (AAV-FLEX-TVA-mCherry) and G 88 glycoprotein (AAV-FLEX-G) in direct and indirect pathway neurons. In addition, the same helper 89 viruses were injected in the striatum of ChAT::Cre rats to target CINs (Fig. 1C) . Two weeks 90 later, a G-deleted pseudotyped rabies virus (SAD∆G-eGFP) was injected into the striatum of all 91 three groups in order to infect neurons expressing the TVA receptor (starter neurons). Neurons 92 also expressing the G glycoprotein allowed the transsynaptic transport of the pseudotyped 93 rabies virus, thus labeling those neurons that have monosynaptic connections with Cre-94 expressing striatal neurons (input neurons) 25 . Seven-to-ten days later, the rats were perfused-95 fixed and their brains analyzed. eGFP-positive neurons were observed in the PPN and LDT of 96 all three groups ( Fig. 1D, F, H; Fig. S1A ), some of which were immunopositive for choline 97 acetyltransferase (ChAT). The total number of ChAT-positive input neurons could not be 98 determined due to interference with the immunohistochemical detection. In some brains one or 99 more of the injections were misplaced and did not show any eGFP-positive neurons thus 100 serving as negative controls. The number of input neurons largely differed between the three 101 experimental groups and CINs-injected rats gave rise to the largest number of PPN labeled 102 neurons ( Fig. 1E, G, I; Fig. S1B ; direct SPNs: 7.33 ± 0.88; indirect SPNs: 12 ± 2; CINs: 24 ± 103 3.34; Kruskal-Wallis rank-sum test H(2) = 7.482, P = 0.0237, post hoc two-sample Wilcoxon 104 rank-sum test ZiSPNs-dSPNs = -1.556, P = 0.1212, ZCINs-iSPNs = 2.121, P = 0.0339, ZdSPNs-CINs = 2.141, 105 P = 0.0323). Given the marked differences in the density of SPNs and CINs in the striatum, 106
where SPNs represent about 95% of the total striatal neurons (see review by 26 , we normalized 107 the cell count of input neurons to the number of starter neurons in the striatum. For this purpose, 108
we first analyzed the area of transduction and found that they were not statistically different ([in 109 mm 2 ] direct SPNs: 1.04 ± 0.0082; indirect SPNs: 1.36 ±0.01; CINs: 1.62 ± 0.0069; Fig. S1C 
-E; 110
Kruskal-Wallis Rank-sum test H(2) = 2.091, P = 0.3515). Then, we counted the number of 111 starter neurons (which correlated with the expected density of each population across similar 112 transduction areas: direct SPNs: 357.55 ± 37.43; indirect SPNs: 367.06 ± 22.57; CINs: 96.32 113 ±7.68). We then used these numbers to calculate the proportion of input neurons in the PPN 114 based on the number of starter neurons in the striatum for each group (Kruskal-Wallis Rank-115 sum test H(2)=7.436, P = 0.0243). We found that the proportion of PPN input neurons 116 innervating CINs is significantly larger than the proportion innervating either striatonigral or 117 striatopallidal SPNs ( Fig. 1J; Fig. S1B ; post hoc two-sample Wilcoxon rank-sum test: ZdSPNs-CINs 118 = -2.121, P = 0.0339; ZiSPNs-CINs = -2.141, P = 0.0323, ZiSPNs-dSPNs = -1.528, P = 0.1212). Similar 119
proportions were observed when WGA-Cre was used instead of Cav2-cre, even though this 120 tracer is expected to diffuse transsynaptically across striatal neurons and therefore overestimate 121 the number of input neurons ( Fig. S1F ; comparison of injections in the SNR, GPE or striatum of 122 WT animals, the latter labeled all striatal neurons; Kruskal-Wallis Rank-sum test H(2)=7.395, P 123 = 0.0248, post hoc two-sample Wilcoxon rank-sum test: ZdSPNs-all = 2.449, P = 0.0143; ZiSPNs-all = 124 -2.121, P = 0.0339, ZiSPNs-dSPNs = 0.149, P = 0.8815). However, the interpretation of the 125 differences between the number of inputs to each striatal cell type is limited to the potential 126 differences in the transduction efficiency of each neuron/pathway, and the results must be taken 127 with caution. For this reason, while it is not possible to estimate the density of innervation of 128 SPNs and CINs from quantifying the number of input neurons in the PPN, our data reveal that a 129 7 139 140 Next, to identify synaptic connections between PPN/LDT cholinergic axons and CINs, we used 141 an anterograde strategy based on the transduction of YFP in midbrain cholinergic axons of 142
ChAT::Cre+ rats (n=3) in combination with double immunohistochemistry at the electron 143 microscopic level. PPN YFP-positive axons were converted to a permanent peroxidase reaction 144 using diaminobenzidine (DAB, 0.025%) and nickel ammonium sulfate (0.05%). In addition, CIN 145 cell bodies and processes were immunolabeled with an antibody against ChAT and revealed 146 using tetramethylbenzidine (TMB 0.2%). PPN/LDT axons, identified by the NiDAB reaction 147 product, were observed to make synaptic contacts with dendritic processes of TMB-labeled i.e. 148
ChAT-positive ( Fig. 1K ) and non-labeled structures. Synapses formed with CIN dendrites were 149 identified as asymmetric (Gray's Type 1) synapses, suggesting an excitatory connection (n = 3), 150 and in line with our previous report identifying the majority of PPN-originated synaptic terminals 151 onto dendritic shafts as asymmetric 10 . These data confirm the transsynaptic retrograde findings 152 and support the evidence of a direct, monosynaptic input from PPN/LDT cholinergic neurons to 153 striatal CINs. 154 155 8
Differential modulation of striatal neurons by midbrain cholinergic axons 156
We next tested the effects of stimulating PPN/LDT cholinergic axons on the activity of different 157 types of striatal neurons and compared the effects to the responses elicited by stimulating CINs 158 axons (Fig. 2, 3) . Cholinergic neurons of the striatum, PPN or LDT were transduced with 159 channelrhodopsin-2 (ChR2) in ChAT::Cre+ rats (AAV2-DIO-EF1a-ChR2-YFP; Fig. 2A-B) in 160 order to produce a differential optogenetic activation of midbrain or CINs axons. The 161 spontaneous activity of individual striatal neurons was first recorded in vivo in anesthetized 162 animals, then cholinergic axons were stimulated with blue light to activate ChR2 (50ms pulses, 163 10 Hz) through an optic fiber that was integrated within the recording glass pipette electrode to 164 reduce the spread of the light; the recorded neurons were subsequently labeled with neurobiotin 165 using the juxtacellular method ( Fig. 2C, F striatum; (Fig. S3 , see also 10 ). In SPNs, all three sets of cholinergic axons produced a 179 significant reduction in the firing rate during the presentation of blue light ( Fig. 2E, H Altogether, the results from the in vivo electrophysiology demonstrate that midbrain cholinergic 222 neurons have a differential effect on the dynamics of striatal neurons and their firing rates, 223
inhibiting SPNs and exciting CINs. Furthermore, our data suggest that two functionally distinct 224 sources of ACh operate in the striatum, and that the modulation of CINs seems to be at the 225 center of these differences. mecamylamine; see 22 ) was infused and the response to the laser was tested again 15 min after 267 the infusion (Fig. 4E) . pSPNs that decreased their firing rate as a result of the blue light 268 stimulation (-56.25 ± 7.47%) showed a diminished inhibition in the presence of cholinergic 269 blockers (-7.2 ± 4.9%; 15 min after drug delivery; Fig. 4F) . The inhibition to the laser was 270 partially recovered ~45 minutes after the drug application (-36.15 ± 16.37%; one-way ANOVA 271 F(2,20) = 5.24, P = 0.0161; Bonferroni post hoc analyses: before vs during P = 0.014, before vs 272 after P = 0.611, during vs after P = 0.221). 273
Finally, to determine the effects of the optogenetic activation of cholinergic axons, we used an 274 ex vivo approach. Cholinergic neurons of the PPN or striatum of ChAT::Cre+ mice were 275 transduced with ChR2-YFP and recorded in vitro (Fig. 4G) . We observed an inhibitory response 276 in YFP-negative CINs when axons of neighboring YFP-positive CINs were activated (blue laser, 277 5 ms pulse; Fig. 4H ), in line with our in vivo experiments (see Fig. 3 ) and with previous reports 278 30 . This inhibitory response was abolished in the presence of bicuculine or DHβE (Fig. 4H) , 279 suggesting a disynaptic mechanism mediated by GABAergic interneurons 31 . We were unable to 280 detect any effect of PPN/LDT cholinergic stimulation in the slice (as also observed in other PPN 281 targets, such as in the thalamus [unpublished data], the VTA [ 22 ], or even locally in the PPN; see 282 also 32 ), probably due to a low preservation of PPN cholinergic axons in the slice. Nevertheless, 283 local administration of carbachol to CINs in the presence of glutamate blockers (CNQX and AP5 284 10µM) and a muscarinic blocker (atropine 0.5µM) produced large excitatory currents in 4 of the 285 11 CINs recorded, possibly mediated by nicotinic receptors (Fig. 4I; see also 33 ). Our results 286 altogether suggest that PPN/LDT cholinergic axons inhibit SPNs through a combined effect that 287 is partly mediated by CINs, and directly excite CINs through a potential nicotinic effect. 288
Additional mechanisms are likely to contribute to these circuit effects, such as the pre-synaptic 289 activation of corticostriatal or thalamostriatal terminals 34, 35 , or the activation of other types of 290
GABAergic interneurons 36 . Further experiments are necessary to understand the full extent of 291 the midbrain effects on striatal circuits. 292 293
Encoding of behavior by cholinergic systems in the striatum 294
Cholinergic transmission in the striatum has been associated with updating of action-outcome 295 associations. CINs have been shown to facilitate the integration of new learning into old 296 strategies, whereas cholinergic PPN neurons seem to be involved in behavioral shifting and 297 updating the behavioral state triggered by changing contingencies 24 , thus having a seemingly 298 convergent function. In order to interrogate the contribution of the midbrain cholinergic system in 299 striatal-dependent behavior, we used a chemogenetic strategy to inhibit the local release of 300 acetylcholine in the striatum 37 during the acquisition of an instrumental lever-press task that 301 reveals action-shifting between goal-directed and habitual strategies 38-41 . Thus, ChAT::Cre+ 302 and wild-type rats were injected with AAV-DIO-hM4Di-HA-mCherry into the PPN, LDT, 303 dorsolateral or dorsomedial striatum (Fig. S8A) . Bilateral cannulas were implanted in the 304 dorsolateral (for DLS and PPN groups) or dorsomedial striatum (for DMS and LDT groups) for 305 intracerebral delivery of clozapine-N-oxide (CNO; Fig. S8D) , which binds and activates the 306 transduced hM4Di receptors (associated with the Gi protein) and significantly reduces cell firing 307 in cholinergic neurons, as demonstrated in slice recordings (paired t-test, t(6) = 3.677, P = 308 0.0104, Fig. S9 ). Before each training session, rats received intrastriatal infusions of CNO (1.5 309 µM, 250 nl, 30 min before), which was calculated to diffuse 300-500 µm from the tip of the 310 cannula, as revealed by fluorogold injections at the end of the experimental procedure ( Fig. S8  311 D-E). Rats were trained to press a lever to obtain a reward in a random ratio (RR) schedule and 312 then switched to a random interval (RI) schedule (Fig. S10A) ; the former has been associated 313 with the formation of goal-directed behavior whereas the latter has been associated with the 314 formation of habitual behavior ( Fig. S10B-C) . 315
The control group consisted of wild-type rats receiving the same manipulations (i.e., viral 316 injection, cannulation, and CNO delivery) and training as the experimental group. Animals 317
showing histological signs of striatal lesions in any group were not considered for further 318
analysis. No differences due to CNO (versus saline) infusion were observed in any group [WT 319
and ChAT::cre+ rats, each virally transduced in the DLS, DMS, PPN or LDT] in locomotor 320 activity (Fig S10D-E) , evaluated as total distance travelled (two-way ANOVA group x drug: Fgroup 321 Fgroup(4,99) = 1.94, P = 0.11, Fdrugs(1,99) = 0.001, P = 0.96, Finteraction(4,99) = 0.08, P = 0.99), 326
suggesting that midbrain cholinergic terminals targeting other structures were not affected (see 327
42
). During training, the number of lever presses during RR showed incremental changes in all 328 groups (Fig. 5A) , whereas during RI they remained constant (Fig. 6A) , consistent with 329 previously reported data 43, 44 . All animals were then tested in an outcome devaluation task, 330 consisting of two counterbalanced sessions carried out over two consecutive days: a 'valued' 331 session where rats were fed rat chow but no sugar pellets (the instrumental outcome) 332 immediately before testing (maintaining a high motivational state for the outcome) and a 333 'devalued' session where rats were fed sugar pellets before testing (thus devaluing the 334 instrumental outcome). While goal-directed behavior is expected to be sensitive to the 335 motivational changes of the devalued session, resulting in a reduction in the number of lever 336 presses, habitual behavior is not expected to be affected by pre-exposure to the instrumental 337 outcome and therefore lever pressing in the devalued session should not be significantly 338 reduced 38, 39, 45 . 339
Following RR training, WT animals showed a higher number of lever presses in the valued 340 session compared to the devalued session with a significant effect on the session factor (two-341 way ANOVA group [DLS, DMS, LDT, PPN] x session [valued, devalued] ; Fgroup(3,39) = 2.71, P = 0.0615; 342
Fsession(1,39) = 365.33, P = 0.00001; Finteraction (3,39) = 0.73, P = 0.54). In contrast, following RI 343 training, the same animals showed no significant differences in the number of lever presses in 344 the valued and devalued sessions (two-way ANOVA: Fgroup (3,39) = 1.18, P = 0.333; 345
Fsession(1,39) = 0.10, P = 0.7546; Finteraction(3,39) = 0.26, P = 0.8534). To illustrate differences in 346 the proportion of responses during the devaluation tests within subjects, we analyzed the 347 normalized number of presses between test sessions (see Methods ; Fig. 5B, 6B) , and 348 calculated the difference between valued and devalued responses as an index that reveals the 349 ability of animals to adjust their responses after training in each schedule (Fig. S11) . Next, we interrogated the contribution of acetylcholine to this behavior in two striatal regions 359 (dorsolateral and dorsomedial) in the ChAT::cre animals compared to the WT animals. Because 360 there was no difference in the number of lever presses between control groups (i.e. associated 361 to the brain region targeted), the WT data was pooled into one single control group for the 362 following analyses. We inhibited cholinergic transmission from axons arising in dorsolateral 363 CINs (Fig. 5C), PPN (Fig. 5D) , dorsomedial CINs (Fig. 5E) or LDT (Fig. 5F) . No effect of group 364 or interaction was observed in the response rates during RR training (two-way ANOVA group 365 The normalized number of presses also revealed a significant interaction (two-way ANOVA 373 group x session, Fgroup(4,99) = 0.001, P =1; Fsession(1,99) = 429.47, P = 0.00001 and 374
Finteraction(4,99) = 23.29, P <0.00001) with post hoc pairwise comparisons (Tukey's) showing 375 significant effects in the WT (P < 0.0001), DLS (P < 0.0001), DMS (P < 0.0001) and PPN (P < 376 0.0001) but not LDT (P = 1) groups ( Fig. 5B-F) . Thus, animals in the LDT group showed 377 virtually the same proportion of lever presses during both valued and devalued sessions 378 suggesting reduced expression of goal-directed behavior (Fig. 5F) . In other words, when 379 acetylcholine release in the DMS arising from LDT terminals was disrupted during RR training, 380 rats failed to associate the outcome with the instrumental action that produced it and were 381 therefore insensitive to reward devaluation. This effect was evident by the absence of shift in the 382 devaluation index in LDT despite the different training conditions (Fig. S11) . Finally, following retraining in the absence of CNO administration, we tested the effects of 389 cholinergic transmission on habitual learning in the same group of animals ( Fig. 6) . During RI 390 training (Fig. 6A ), no effect of group, day or interaction was observed in the response rates 391 (two-way ANOVA group x day: Fgroup(4,399) = 2.30, P = 0.0581, Fday(7,399) = 0.98, P = 0.4437; 392 Finteraction(28,399) = 0.36, P = 0.9991). Animals in the dorsomedial striatum and LDT groups 393 showed no significant differences in the number of lever presses during the valued and 394 21 395 396 devalued sessions, as controls did, suggesting that habitual behavior encoding remained intact 397 ( Fig. 6E, F) (two-way ANOVA: groups x condition [valued vs devalued] , Fgroup(4,99) = 1.34, P = 0.26, 398
Fcondition(1,99) = 0.445, P = 0.5019;Finteraction(4,99) = 0.71, P = 0.58). However, there was a 399 significant interaction in the normalized number of presses (two-way ANOVA groups x condition: 400
Fgroup(4,99) = 0.001, P = 1; Fcondition(1,99) = 10.06, P = 0.0021; Finteraction(4,99) = 5.79, P = 401 0.0003), and post hoc pairwise comparisons (Tukey's) revealed a significant difference of 402 normalized lever press (devalued vs valued) in DLS (P = 0.001; Fig. 6C ) and PPN (P = 0.018; 403 Fig. 6D ), but not for WT ( P = 1; Fig. 6B ), DMS (P = 0.316; Fig. 6E ) and LDT (P = 1; Fig. 6F) . 404
This suggests that rats in the dorsolateral striatum and PPN groups failed to shift to a habitual 405 responding state and remained goal-directed, as suggested by reduced lever-pressing in the 406 devalued session compared to the valued session. Thus, reduced cholinergic transmission in 407 the dorsolateral striatum, regardless of its origin (i.e., CINs and PPN), impairs the ability of rats 408 to form habitual behavior, thus revealing that cholinergic neurons from the midbrain have a 409 critical role in normal striatal operations. 410 411
Discussion

412
Cholinergic transmission in the striatum powerfully modulates striatal output 46 , the activity of 413 striatal interneurons 30,36,47 , the release of glutamate from cortical terminals 1 and the release of 414 dopamine from mesostriatal terminals 48, 49 . We present here, detailed evidence of the 415 functionality of a hitherto uncharacterized source of acetylcholine in the striatum originating in 416 the midbrain. We show that cholinergic neurons of the PPN and LDT provide direct innervation 417 of CINs and direct and indirect pathway neurons. We show that PPN and LDT axon terminals 418 inhibit the activity of SPNs while activating CINs, suggesting a circuit mechanism in which 419 PPN/LDT can modulate striatal activity through CINs. Finally, we show that inhibition of 420 cholinergic transmission from either PPN, LDT or CINs impairs shifts in action control, 421
suggesting that cholinergic transmission from the midbrain is necessary for normal encoding of 422 behavior. The seemingly overlapping effects of cholinergic signaling arising from two different sources 439 raise the question of whether they are conveying different messages or acting in coordination. 440
Several differences between striatal CINs and midbrain cholinergic neurons have been reported 441
in the literature. CINs receive innervation predominantly from cortical areas, including cingulate, 442 secondary motor and primary somatosensory cortices 50 , and thalamic nuclei including the 443 parafascicular and centrolateral 51,52 . Inputs to cholinergic midbrain neurons have not been fully 444
identified, but largely differ from CINs as they predominantly arise in basal ganglia structures, 445
including the substantia nigra pars reticulata and internal globus pallidus 53,54 ; for a review see 446 55 . In terms of the physiological properties, CINs possess a high-input resistance (200 MΩ) (for 447 review see 4 ) and have been associated with a spontaneous, tonically-active firing mode (3-10 448
Hz; 56 ) that is mediated by inward rectifying potassium currents and a depolarization sag that 449 induces rebound spike firing 57 . In contrast, PPN cholinergic neurons show a low firing rate in 450 24 vitro (2-3Hz), a very high input resistance (600MΩ), display an A-current 58 , their firing seems to 451 be modulated by M-currents 59 and show fast-adaptive firing 18 . In vivo, identified PPN 452 cholinergic neurons have been shown to fire phasically 18, 19 . This evidence thus indicates that 453 midbrain and striatal cholinergic cell groups differ in their afferent connectivity and physiological 454
properties, suggesting they are modulated differently by their afferents and that their dynamics 455 are distinct. 456
Another significant difference stems from electrophysiological recordings of putative striatal and 457 midbrain cholinergic neurons in awake, behaving animals. Tonically-active neurons in the 458 striatum encode a pause in their firing rate that is associated with behaviorally-relevant salient 459 events 60,61 , which is correlated with the phasic activation of dopamine neurons in mesostriatal 460 systems. Importantly, this pause is often preceded by a phasic increase in firing before the 461 inhibition, mediated in part by thalamostriatal activation 35 and followed by a rebound excitation. 462
Neurons in the PPN, in contrast, increase their firing rate phasically during sensory cues that 463 predict reward presentation 62 , presumably driving dopamine transients in the striatum. The 464 multiphasic response of CINs during behaviorally-relevant salient events suggests the 465 convergence of multiple synaptic drives that shape the burst-pause-rebound dynamics of CINs. 466
The direct connectivity and excitatory nature of the midbrain input onto CINs suggest that 467 PPN/LDT cholinergic neurons contribute to sculpting the response of CINs during behavior. 468
Further experiments are needed to determine the extent of this modulation. 469 470
Role of the PPN in adaptive behavior 471
Our data here also suggest that there are intersecting roles of CINs and PPN/LDT neurons in 472 cholinergic-mediated striatal behavior. In the dorsolateral striatum, we revealed that inhibition of 473 cholinergic signaling arising from either CINs or PPN neurons is able to block the transition from 474 goal-directed to habitual behavior, whereas in the dorsomedial striatum inhibition of cholinergic 475 signaling from LDT neurons is able to block goal-directed behavior. Together with our 476 anatomical data showing preferential innervation of PPN and LDT neurons over CINs, these 477 behavioral effects suggest that midbrain cholinergic neurons modulate the activity of CINs 478 during behavioral switching and action control. Similar changes in the outcome of these tasks 479 have been obtained following the interruption of the thalamostriatal projections that target CINs 480 40 and corticostriatal projections 39 , or following excitotoxic striatal lesions 63 . All the above 481
suggest that optimal encoding of behavioral information in the striatum is mediated by a series 482 of factors that converge at the level of the CINs; furthermore, it reveals the role of the PPN as a 483 key modulator of striatal activity through CINs. 484
In line with our findings, the role of the PPN in adaptive behavior and action control has been 485 previously addressed by a series of experiments using lesions or pharmacological 486 manipulations. For example, non-specific PPN lesions impair adaptation to incremental walking 487 speeds in a motor task 64 , affect assimilation of new strategies with a consequent increase in 488 perseverant responses 65,66 , and decrease the sensitivity to reward omissions 67 , thus denoting a 489 failure in adjusting the behavioral state. Furthermore, pharmacological inhibition of the PPN 490 produces a decrease in the responsiveness to degradation in contingencies between action and 491 outcome, but did not change it if contingencies remain unchanged 68 , in line with findings 492
showing impaired ability of rats to adapt to new strategies when the contingencies changed 493 following inhibition of cholinergic transmission in the striatum 6,69 or CINs lesions 70 . This body of 494 evidence suggests that interrupting PPN activity has similar effects to those observed following 495 disruption of cholinergic transmission in the striatum and raises the possibility that PPN is 496 mediating such response. Our experiments here link these systems together by showing that 497
interfering with cholinergic transmission in the striatum, regardless of its origin, has similar 498 functional consequences for action control. activity of dopamine neurons that project to the striatal complex 22 . Second, cholinergic neurons 506 innervate thalamic nuclei that in turn project to the striatum. In particular, PPN densely 507 innervates the parafascicular nucleus 74-76 , which in turn preferentially targets and modulates 508
CINs 35,77 . Third, our results here reveal that PPN and LDT cholinergic neurons directly 509 innervate both SPNs and CINs, with preferential innervation of the latter. The convergence of 510 three different afferent systems arising from a single cell group in the midbrain puts the PPN in a 511 key position as modulator of striatal activity and suggests that striatum (whether directly or 512 indirectly) is the main target of cholinergic PPN projections, as no other PPN target receives 513 such level of converging afferents from PPN cholinergic neurons. Furthermore, at least a 514 proportion of these projections originate from the same neurons 10 , potentially indicating the 515 simultaneous activation of dopamine, thalamic and striatal targets, and suggesting that these 516 converging effects at the striatum level are inextricably linked. 517
What is the PPN signaling in the striatum and why is it relevant for behavior? PPN neurons have 518 been shown to have a phasic activation during particular behavioral contexts, such as during 519
Pavlovian conditioning 78 , reward prediction 79,80 and reward omission 81 . Thus, when these 520 signals are absent because PPN neurons fail to signal a mismatch between expected and real 521 contingencies, the behavior is not updated, creating perseverant responses and failure to 522 integrate new learning with the old learning (see 24 ). The activation of CINs may thus underlie 523 the mechanism by which PPN is able to shape striatal output and block ongoing motor 524 programs at the level of SPNs in order to update the behavioral state and reinforce novel 525 
